Mutations in the connexin 26 gene (GJB2) are the most common genetic cause of deafness, leading to congenital bilateral non-syndromic sensorineural hearing loss. Here we report the generation of a mouse model for a connexin 26 (Cx26) mutation, in which cre-Sox10 drives excision of the Cx26 gene from nonsensory cells flanking the auditory epithelium. We determined that these conditional knockout mice, designated Gjb2-CKO, have a severe hearing loss. Immunocytochemistry of the auditory epithelium confirmed absence of Cx26 in the non-sensory cells. Histology of the organ of Corti and the spiral ganglion neurons (SGNs) performed at ages 1, 3, or 6 months revealed that in Gjb2-CKO mice, the organ of Corti began to degenerate in the basal cochlear turn at an early stage, and the degeneration rapidly spread to the apex. In addition, the density of SGNs in Rosenthal's canal decreased rapidly along a gradient from the base of the cochlea to the apex, where some SGNs survived until at least 6 months of age. Surviving neurons often clustered together and formed clumps of cells in the canal. We then assessed the influence of brain derived neurotrophic factor (BDNF) gene therapy on the SGNs of Gjb2-CKO mice by inoculating Adenovirus with the BDNF gene insert (Ad.BDNF) into the base of the cochlea via the scala tympani or scala media. We determined that over-expression of BDNF beginning around 1 month of age resulted in a significant rescue of neurons in Rosenthal's canal of the cochlear basal turn but not in the middle or apical portions. This data may be used to design therapies for enhancing the SGN physiological status in all GJB2 patients and especially in a sub-group of GJB2 patients where the hearing loss progresses due to ongoing degeneration of the auditory nerve, thereby improving the outcome of cochlear implant therapy in these ears.
Introduction
Hearing loss is a frequent disorder, affecting one in every 1000 children, and highly heterogeneous, with many known genetic and environmental causes. The genetic causes account for 50% of childhood deafness. Mutations in the GJB2 gene are the most common cause of hereditary impairment, affecting approximately 1 in 2000 newborn children in some geographical regions (Hochman et al., 2010; Liu et al., 2001) . GJB2 encodes Cx26, a member of the connexin family of gap junction-forming proteins, which are involved in direct cell-to-cell transfer of small molecules and ions such as potassium (Bruzzone et al., 1996; Kikuchi et al., 2000; Kumar and Gilula, 1996) . While not completely clear, the molecular mechanisms underlying the deafness caused by connexin mutations are likely related to defects in recycling potassium ions due to dysfunction of gap junctions in non-sensory cells that flank the organ of Corti medially and to some extent also laterally. In the most severe cases of sensorineural hearing loss, which includes individuals with GJB2 mutations, the only treatment currently available are cochlear implants, which electrically stimulate the SGNs via an electrode array located in the scala tympani (Cullen et al., 2004) . In many human patients, the hearing deficit due to GJB2 mutations is stable, as is the function of the cochlear implant (Kong et al., 2013; Tarkan et al., 2013; Yoshida et al., 2013) . However, in some cases, the hearing loss progresses and the benefits derived from the implanted prosthesis gradually decline as well. The decline in hearing may be associated with degenerative changes in the auditory nerve. Preservation of the neural components in inner ears with dysfunctional or non-functional Cx26 is essential for deriving optimal benefits from cochlear implants. Work on animal models can aid our understanding of the pathology of mutant inner ears and our development of therapies to enhance the function of cochlear implants.
The first mutant mouse to model GJB2 exhibited cochlear hair cell loss as well as degeneration of SGNs (Cohen-Salmon et al., 2002) . It is unclear why hair cells degenerate due to a mutation in non-sensory cells, and whether the neuronal degeneration is a direct outcome of the mutation or an indirect response to the loss of cells in the auditory epithelium. To more closely investigate the pathology in cochlear tissues associated with a Cx26 deficiency, and to begin to design therapeutic interventions for GJB2 patients, we generated a new mouse model. These mice, Cx26
Sox10Cre
, were obtained by crossing Cx26 loxp/loxp mice, carrying the floxed GJB2 gene, and Sox10Cre mice, which express a Cre recombinase under the Sox10 promoter (Anselmi et al., 2008; Cohen-Salmon et al., 2002; Crispino et al., 2011; Matsuoka et al., 2005) . The Cx26 conditional knockout mutant mice (Gjb2-CKO) described in this work harbor a complete loss of Cx26 in the cells driven by the Sox10 promoter, representing the most extreme form of hearing impairment in humans with GJB2 mutations.
Preliminary examination of these mice revealed that in addition to hearing loss due to the lack of Cx26, hair cells and auditory neurons degenerate rapidly over the first few months of their life. We tested the outcome of neurotrophin gene therapy on the fate of hair cells and neurons in these mice. Neurotrophins, in particular BDNF and neurotrophin-3 (NT-3), have a role in the development of afferent neurons in the organ of Corti (Fritzsch et al., 1999; Ylikoski et al., 1998) and in protecting SGNs in ears where hair cells are lost (Aarnisalo et al., 2000; Duan et al., 2000; Nakaizumi et al., 2004; Staecker et al., 1996; Van De Water et al., 1996) . Reports on the protective effects of neurotrophins in ears exposed to environmental lesions were recently extended to include deaf ears in Pou4f3 mutant mice with no hair cells, in which BDNF gene therapy enhanced survival of the auditory nerve (Fukui et al., 2012) . In contrast, the Gjb2-CKO mice used in our current study are born with hair cells. We characterized electrophysiological hearing thresholds as well as the histology of the auditory epithelium and the auditory nerve in these mutants at different time points from 1 to 6 months of age, to determine the influence of BDNF gene therapy on these tissues.
Materials and methods

Animals and groups
Animal care and handling and all procedures described in this work were approved by the University Committee on the Use and Care of Animals of the University of Michigan and the Animal Care and Use Committee of Tel Aviv University (M-10-087) and performed using accepted veterinary standards.
We generated Cx26 Sox10Cre mice using Cx26 loxP mice, provided by Prof. Klaus Willecke (Cohen-Salmon et al., 2002) . These mice are on a C57BL/6 background with two lox sites around exon 2 of the Gjb2 gene. Mice were considered to be wild type as they presented no abnormalities. The Sox10-Cre mouse line was provided by Prof. William D. Richardson (Matsuoka et al., 2005) . These mice express Cre recombinase under the Sox10 promoter. In the cochlear epithelium, Sox10 is expressed in the non-sensory cells around the organ of Corti (Anselmi et al., 2008) . The two mouse lines were outcrossed several times to wild type mice. When crossing the two transgenic lines in order to achieve a double transgenic mouse, only the transference of Cre via the maternal germline resulted in viable mutant mice. Both male and female mice were used. Animals were divided into 3 age groups: 1, 3 or 6 months old. We examined 5 mutant and 5 wild type mice in each age group. In addition, another 14 mice in the 1 month age group received Ad.BDNF inoculation into the scala media (N ¼ 9) or into the scala tympani (N ¼ 5) and were sacrificed 1 month later.
Immunocytochemistry
Animals at 1 month of age were sacrificed and their temporal bones removed. Samples were fixed in 4% paraformaldehyde in phosphate buffer for 2 h, rinsed, and the area of the auditory epithelium dissected as whole-mount preparations. Whole-mounts were permeabilized in 0.3% Triton X-100 for 20 min and then blocked against non-specific binding of secondary antibody with 5% normal goat serum for 30 min. Tissues were reacted with primary antibody, rinsed, and incubated with the secondary antibody. As primary antibody we used a rabbit antibody specific for Cx26 (Invitrogen, Cat. No. 51-2800) Specimens were mounted on glass slides using Gel/Mount (Biomeda, Foster City, CA USA). Whole-mounts were examined and recorded using a Leica DMRB epi-fluorescence microscope (Leica, Eaton, PA, USA) using 20Â oil objective lenses and a CCD Cooled SPOT-RT digital camera (Diagnostic Instruments, Sterling Heights, MI).
Auditory brainstem response measurement (ABR)
Auditory brainstem responses (ABRs) were assessed in wild type and Gjb2-CKO mice at 1 month of age. ABR recordings were collected at frequencies of 12, 16 and 24 kHz on the left ear of each animal. Prior to ABR testing, mice were anesthetized intraperitoneally with ketamine (65 mg/kg), xylazine (7 mg/kg) and acepromazine (2 mg/kg) and placed on a water-circulating heating pad to maintain body temperature. The anticholinergic drug, glycopyrrolate was administered subcutaneously at 0.2 mg/kg. Additional ketamine was administered if needed to maintain anesthesia depth sufficient to insure immobilization and relaxation. ABRs were recorded in an electrically and acoustically shielded chamber (C A Tegner AB, Bromma, Sweden). Tucker Davis Technologies (TDT) System III hardware and SigGen/BioSig software (TDT, Alachua, FL USA) were used to present the stimulus and record responses. Neural activity in response to brief tone bursts were measured using sterile needle electrodes inserted subcutaneously posterior to each pinna and at the vertex of the skull. Each tone burst was 15 ms in duration, with 1 ms rise/fall times, presented 10 per second through an EC1 driver (TDT, aluminum enclosure made in-house), with the speculum placed just inside the tragus. Up to 1024 responses were averaged for each stimulus level. Responses were collected for stimulus levels in 10 dB steps at higher stimulus levels, with additional 5 dB steps near threshold. Thresholds were interpolated between the lowest stimulus level where a response was observed, and 5 dB lower, where no response was observed.
Adenovirus
Animals in the experimental group received an adenoviral vector with a mouse BDNF gene insert, driven by the cytomegalovirus (CMV) promoter (Di Polo et al., 1998) . The effectiveness of the vector and its specific BDNF activity were previously established (Di Polo et al., 1998) . In groups that received inoculation into the scala media, we injected 1 ml of Ad.BDNF and for scala tympani inoculations, we injected 2 ml (to partially offset the larger volume of that space). In both cases the viral vector titer of the injected solution was 4 Â 10 12 adenoviral particles per ml. The viral suspension was stored at À80 C and thawed on ice before use.
Surgery
Mice were inoculated with 1 ml of Ad.BDNF into the scala media endolymph via a cochleostomy and 2 ml of Ad.BDNF into the scala tympani perilymph via the round window. Prior to the initial incision, the following devices were prepared. A polyethylene tube was connected to a fine polyimide tube and the end of the polyethylene tube was connected by a 30G needle to a 5 ml Hamilton syringe filled with sterile water. Fast green FCF (SigmaeAldrich) was added to the Ad.BDNF vector solution to trace it during the injection process. The mice were anesthetized with ketamine (120 mg/kg, i.p.) and xylazine (7 mg/kg, i.p.).
For injection into the scala media via a cochleostomy, the left post-auricular region was shaved and an incision was made behind the pinna of the left ear. The muscles overlying the tympanic bulla were divided with forceps and scissors, and the tympanic bulla was exposed without damaging the facial nerve. The bulla was perforated with a fine gauge needle (26G) and the hole was expanded with forceps. After the stapedial artery was identified as it coursed over the basal cochlear turn, the cochlear lateral wall was thinned just beneath the stapedial artery with a surgical drill. The tip of the polyimide tube was inserted into the cochlea and advanced toward the scala media. The infusion speed was controlled by a syringe pump. Successful injections into the cochlea were confirmed by observation of Fast green. After the inoculation was complete, the tube was left in place for 2 min; after it was removed, the hole in the cochlear wall was covered with muscle tissue and fat. The skin was closed with a 6-0 prolene suture.
For injection into the scala tympani, the tympanic bulla was exposed and opened as above, then the tip of the polyimide tube was inserted into the round window and advanced toward the scala tympani. The vector solution was injected in the same manner as in the scala media approach (described above). Both procedures (scala media or scala tympani inoculations) took approximately 30 min to complete. Afterward, the mice were allowed to awaken from anesthesia, and their pain was controlled with ketoprofen (5 mg/kg, s.c.).
Transcardiac perfusion fixation
Prior to the initial incision, a perfusion pump was attached to a 26G perfusion needle. Two syringes were used, one filled with 2% glutaraldehyde and the other with PBS. The mice were anesthetized with ketamine (120 mg/kg, i.p.) and xylazine (7 mg/kg, i.p.), placed supine on the operating table, with extremities firmly taped to the table. A transverse incision was made through the abdomen along the length of the diaphragm, then the diaphragm was cut from the lateral and ventral thoracic walls. A longitudinal cut was made through the ribs on each side to open the thoracic cavity. The inferior vena cava was clamped by a Kocher clamp. The needle was inserted directly into the left ventricle, while holding the heart steady with forceps, and a drain cut was made in the right atrium with scissors. PBS was infused until the blood cleared from the body, followed by infusion of a 2% glutaraldehyde solution (5 ml) at the rate of 3 ml/min with a perfusion pump.
Plastic sections
Two hours after cardiac perfusion with 2% glutaraldehyde, cochleae were placed in 5% EDTA with 0.25% glutaraldehyde for two days and then embedded in JB-4 (Electron Microscopy Sciences).
The tissues were sectioned with a glass knife (2 mm) at a near-midmodiolar plane and stained with 1% toluidine blue. Cross-sections were examined and recorded using a Leica DMRB microscope using 10Â, 40Â and 100Â oil objective lenses and a Cooled CCD SPOT-RT3 digital camera.
Quantitative analyses of SGN density
To evaluate SGN survival, images of 5 cross-sections were randomly selected from a total of 44 sections obtained for each cochlea. SGNs that exhibited a clear nucleus and cytoplasm in Rosenthal's canal of the apex, middle and base were counted. In each plastic section that was analyzed, we collected data from 3 profiles of Rosenthal's canal: basal, middle and apical. The area of Rosenthal's canal was measured using tpsDig2 software (F. James Rohlf, Ecology & Evolution, SUNY at Stony Brook). The number of SGNs per 10,000 mm 2 was calculated for each profile.
For 1, 3 and 6 month samples (untreated), a two-factor ANOVA was used to simultaneously test for effects of age, genotype and their interaction; the counts of SGN in each profile of Rosenthal's canal (apex, middle and base) were treated as separate measurement variables. Age was treated as a categorical variable to avoid assuming that the counts are linear or progressive functions of time. The interaction term tests whether the two main factors (age and genotype) influence each other e for example, does genotype affect aging, or does age affect the expression of the genotype? The ANOVA was performed first on the complete data set, evaluating all 3 Rosenthal's canal profiles simultaneously. After determining that there were significant effects, ad hoc tests were performed on each profile separately. The sequential Bonferroni criterion was used to determine whether p-values were significant. Analyses were performed using utilities in R (http://cran.r-project.org/).
Differences between treated ears and contralateral controls were tested using Student's t-test for paired samples, with Bonferroni adjustment for multiple comparisons.
Results
Cx26 immunocytochemistry
We compared Cx26 immunocytochemistry using whole mount preparations of the auditory epithelium in wild type mice ( Figure B at higher magnification, clearly depicting the distribution of Cx26. In contrast, the auditory epithelium of Gjb2-CKO ears lacks staining for Cx26 in the auditory epithelium, as shown in the epithelial cells of the inner sulcus cell region (Fig. 1C) . In mutant ears, supporting cells in the auditory epithelium are seen in some areas (left side of Fig. 1C ) but missing in others, as the tissue becomes a flat epithelium (right side of Fig. 1C ). Adherens junctions in areas of celle cell contacts reveal the poor organization of the tissue.
ABR data
ABR thresholds were measured at 12, 16, and 24 kHz in wild type and mutant mice at 1 month of age (Fig. 1D) . The wild type mice exhibited normal hearing. However, Gjb2-CKO mice exhibited significant threshold shifts at 12, 16 and 24 kHz, indicating substantial hearing loss at those frequencies. In some cases, thresholds at 24 kHz could not be detected even at the maximum stimulation level of 110 dB SPL.
Organ of Corti degeneration
Survival of the organ of Corti was assessed at ages 1, 3 or 6 months. In cochleae of wild type mice (Fig. 2 ) the organ of Corti appears normal in all cochlear turns of 1 and 3 month old animals (data not shown). At 6 months, the apex ( Fig. 2A ) and the middle (Fig. 2B ) still appear normal but the base begins to display pathology (Fig. 2C) . At this stage, the inner hair cells appear normal and the tunnel of Corti is preserved but partial outer hair cell degeneration is observed (Fig. 2C, arrow) . These age-related changes in the organ of Corti are typical to the C57BL/6 mouse (Idrizbegovic et al., 2003 (Idrizbegovic et al., , 2004 Someya et al., 2008) .
In contrast, cochleae of Gjb2-CKO mice (Fig. 3 ) display a severe and rapid degeneration of the organ of Corti. At 1 month of age, hair cells are partly degenerated and although pillar cells are visible, the tunnel of Corti is not well formed in the apex and middle (Fig. 3Ae  B) . In the base, the organ of Corti is completely replaced by a flat epithelium (Fig. 3C) . At 3 months, the organ of Corti in the apex appears similar to the apical region of 1 month old ears (Fig. 3D , compare to 3A), but now both the middle and base regions of the auditory epithelium are replaced by a flat epithelium (Fig. 3EeF) . At 6 months, the organ of Corti in all cochlear turns is replaced by a flat epithelium (Fig. 3GeI) . Thus, the degeneration of the organ of Corti in the mutant mice is noted as early as 1 month of age and rapidly progresses from base to apex, such that by 6 months of age the auditory epithelium is flat throughout the cochlea.
SGN degeneration
Degeneration of SGNs follows the gradient patterns seen in the organ of Corti. In cochleae of wild type mice (Fig. 4 ) at 1 and 3 months of age, Rosenthal's canal is fully occupied by the somata of SGNs. Neurons appear normal in all cochlear turns (Fig. 4AeF) . At 6 months, the SGN density is slightly reduced in all turns (Fig. 4GeI) . This slow age-related reduction in SGN density is typical of the C57BL/6 mouse (Idrizbegovic et al., 2003 (Idrizbegovic et al., , 2004 Someya et al., 2008) . In addition to the quantitative changes of the spiral ganglion in these wild type animals, we also noted that the surviving neuronal somata tended to be clustered in small aggregates, especially in the apex (Fig. 4G, inset) . Such clustering of the neurons is also seen in younger animals, but less frequently (3 months, data not shown).
In Gjb2-CKO mouse ears (Fig. 5 ), Rosenthal's canal is fully occupied by somata of SGNs in the apex and middle (Fig. 5AeB) , but SGN density appears reduced compared to wild types in the base (Fig. 5C ). At the 3 month time point, the spiral ganglion still appears normal in the apex (Fig. 5D ) but SGN density is reduced markedly from middle (Fig. 5E ) to base (Fig. 5F ). At 6 months of age, all cochlear turns display severe SGN degeneration (Fig. 5GeI) . In the apex, somata of surviving SGNs are often clustered together to form clumps of cells in Rosenthal's canal. In each cluster of neurons, cells appear to be in close apposition to each other. Nuclei and cytoplasm of the clustered neurons appear normal and are similar to those seen in basal SGNs. In addition, a few Schwann cells are associated with the cluster, but myelin sheaths are not observed (Fig. 5G,  inset) . In the base, the few SGNs that survive appear shrunken and dysmorphic, and the central and peripheral processes are barely visible (Fig. 5I, inset) . We found that SGN degeneration progresses from base to apex in the Gjb2-CKO mice, similar to the degeneration of the organ of Corti.
Variability was noted among Gjb2-CKO mice in the degree of degeneration of the neurons. For instance, the density of SGNs in a specific 3 month old animal (Fig. 5E ) is lower (worse) than that seen in a specific 6 month old animal (Fig. 5H) . However, the average density conformed with a gradual degeneration along with advancing age, as seen in Fig. 6 , which shows the changes in density of neurons in Rosenthal's canal graphically. There is little change in SGN density of wild types between 1 and 3 months, and a more substantial change at 6 months. In contrast, Gjb2-CKO mice appear to have a similar pattern only in the apex; the middle and base have larger changes in SGN density between 1 and 3 months than between 3 and 6 months. Also, the basal turn of mutants already has lower SGN density than controls at 1 month.
Statistical analysis of all three Rosenthal's canal profiles, simultaneously, confirms that there are differences in SGN density among ages and between genotypes (Table 1 ). This analysis also finds that the interaction term is significant, indicating that the differences in cell counts between wild types and Gjb2-CKO mice differ by age. As Fig. 6 demonstrates, only the basal profile of the Gjb2-CKO mice has reduced SGN density at 1 month, but at 6 months, both genotypes have reduced SGN density in all 3 profiles of Rosenthal's canal.
When the profiles of Rosenthal's canal are analyzed separately (Table 2) , it can be seen that age has a significant effect on SGN density in the apex, but genotype does not. Fig. 6 shows that apical SGN density does not change until 6 months, when it declines in both wild types and Gjb2-CKO mice. The statistical analysis again revealed a significant interaction effect, which is consistent with the somewhat greater decrease in apical SGN density in the mutants.
SGN densities from the middle profiles of Rosenthal's canal show significant effects of both age and genotype. As Fig. 6 illustrates, both genotypes lose substantial numbers of cells, but the mutants lose them before 3 months and the wild types lose them after that age. The interaction term would be considered significant if it were the only test performed, but after accounting for the number of tests in the table with a sequential Bonferroni criterion, it must be considered not significant.
In the basal region, the effect of age on SGN density is significant, as in the other profiles of Rosenthal's canal, but unlike the other profiles, genotype has a significant effect, whereas the interaction does not. The plot shows that the wild type mice do not begin to lose cells until after 3 months, but the mutants have already lost a large proportion of cells by 1 month and have lost nearly all SGN by 3 months. The absence of a significant interaction effect is consistent with the difference in the timing of SGN loss in the basal profile.
SGN protection with Ad.BDNF
To determine the influence of viral-mediated elevation of the neurotrophin BDNF on SGN survival, we investigated the density of SGNs using mid-modiolar cross sections. We compared ears treated with Ad.BDNF (mice were 1 month old when inoculated with Ad.BDNF) to the contralateral ears that received no treatment. Viral vector inoculation was either into the scala tympani perilymph or the scala media endolymph of the basal region, and ears were examined 1 month after inoculation (when mice were 2 months old).
The SGNs in the base of contralateral ears were very sparse as most cells have degenerated by this stage (Fig. 7A) . In contrast, in ears treated with Ad.BDNF into the perilymph, SGNs were better preserved than in the contralateral ears, although some variability was found (Fig. 7B) . Quantitative analysis shows that BDNF treatment resulted in a significant increase in density of neurons only in the basal turn (Fig. 7C) . Endolymph inoculation of the BDNF gene vector into endolymph produced similar results (Fig. 8) . Cross sections through Rosenthal's canal revealed survival enhancing effects of BDNF in the basal turn (Fig. 8AeB) . The diameter of the neurons in BDNF treated ears appeared larger than that seen in controls. Quantitative assessment showed that SGN densities in the middle and the apex of the cochlea were not significantly increased by the neurotrophin treatment via endolymph (Fig. 8C ) similar to that seen with perilymphatic inoculation of BDNF (Fig. 7C) . Survival of SGNs in the untreated (contralateral) ears did differ slightly between perilymph and endolymph inoculation groups: 2.81 AE 0.55, (mean AE sd, cells/10,000 mm 2 ) after perilymph inoculation, and Qualitative observation of surviving SGNs in the base area of ears treated with BDNF showed that somata appeared large following both scala tympani and scala media inoculations (Figs. 7B and 8B) and their perimeter contours were smooth and regular, similar to normal (wild type) SGNs. In some ears treated with Ad.BDNF, we observed connective tissue growing in the scala tympani (Figs. 7B and 8B, arrowheads). Ad.BDNF treatment did not protect the organ of Corti, which appeared similar in both treated and contralateral ears, with no hair cells in the base and the middle, and a flat epithelium in the base (data not shown). Thus, the protective effect of BDNF on the SGNs was not secondary to preservation of hair cells.
Discussion
Over 100 mutations in GJB2 have been described in the literature and databases (The Connexin-deafness homepage; http://davinci. crg.es/deafness/; The Deafness Variation Database; http:// deafnessvariationdatabase.org). There is a large variability in the audiological phenotypes of patients with different mutations, from mild to profound (Snoeckx et al., 2005) . The variability in the auditory phenotype for each of the human mutations led to the hypothesis that modifier genes are in part responsible for the variable expressivity (Hilgert et al., 2009 ). Unfortunately, a correlation of temporal bone histopathology with the type of mutation is still largely unavailable. Here we show that in a mouse model for GJB2 with a deletion of Cx26, the organ of Corti degenerates rapidly in the first few months after birth, as do the SGNs in Rosenthal's canal. Both regions of the cochlea, the organ of Corti and the spiral ganglion, follow a base to apex gradient in their degeneration. We also demonstrate that viral-mediated over-expression of BDNF leads to preservation of the SGNs in the base region and that the same treatment does not rescue the sensory epithelium.
Comparison between the Cx26 mice and the other mutant mice
The Cx26 gene is expressed exclusively in non-sensory cells, yet other cell types degenerate in the mutant mice, most notably hair cells and SGNs. It is not immediately clear why a mutation in nonsensory cells leads to degeneration in cells that do not express the gene. Comparisons with other mouse deafness mutations reveal that this finding is not unique to the Cx26 mutation. For instance, in Pou4f3 mutant mice, where the mutation leads to hair cell degeneration, SGNs also degenerate and supporting cell morphology is also abnormal (Fukui et al., 2012) . The process of SGN degeneration is faster in the Pou4f3 mutants, with all neurons completely degenerated by 1 month of age. Since hair cells are absent in the Pou4f3 mouse, the timing of degeneration suggests a possible relationship to the presence or absence of hair cells in the cochlea.
Another relevant comparison is to a different Cx26 mutation in which the pathology seems more severe and starts earlier than in our mice Wang et al., 2009 ). The Cx26 mutant described in these two papers exhibits a cochlea in which the tunnel of Corti and the spaces of Nuel never develop, and the organ of Corti degenerates severely in early postnatal days. Similar to our mice, degeneration of the SGNs follows the loss of epithelial structures. Comparing the pathology in the organ of Corti between the different mice (Cohen-Salmon et al., 2002; Kudo et al., 2003; Wang et al., 2009 ) reveals that the pathology is slowest to be manifested in the Otog-cre mouse (Cohen-Salmon et al., 2002) and fastest to appear in our mouse and that described by Wang et al. and Sun et al. Future GJB2 temporal bone analysis will help correlate mouse mutations with each of the human mutations.
In the apical turn of the 6 month old Gjb2-CKO mice, hair cells are absent and the organ of Corti is flat, indicating that differentiated supporting cells are also missing. Nevertheless, some SGNs survive in the apical area, despite the absence of hair cells and There is a significant difference in density of SGNs between the ages of 1 month and 6 months. In the mutant mice, these data show that SGN degeneration progressed from base to apex gradually. Data in wild type ears show that SGN degeneration starts to manifest at 6 months in all turns, caused by the age-related hearing loss mutation in C57BL/6 mice. Error bars indicate 1 standard error of the mean. supporting cells. It is unclear why apical neurons can survive longer in these ears. One possibility is that small patches of hair cell or supporting cells exist, but are not included in our sections, and that these patches of epithelial cells contributed to the survival of the neurons.
The surviving apical neurons are often clustered together in groups. To a lesser extent, this was also noted in wild type animals, suggesting that the clustering of surviving apical neurons could be related to other mutations in the C57BL/6 mouse, such as the mitochondrial DNA mutation, PolgD257A. Clumping of SGNs in the apex of the cochlea was also observed by others who performed histology in PolgD257A and PolgD257A/þ mouse ears (Crawley and Keithley, 2011; Willott, 2009) , in the Ly5.1 mouse mutant (Jyothi et al., 2010) and in another Cx26 mutant Yu et al., 2013) . Transmission electron microscopy (TEM) analysis in the latter study showed that clumping SGNs lacked myelin cover on their soma, a feature otherwise known to be exclusive to human auditory neurons (Tylstedt et al., 1997) . Aggregates of clumped SGNs were also shown to exist in the apex of the human cochlea (Tylstedt et al., 1997) . The reasons for the clumping and for its restriction to the low frequency region remains unclear, although the inability of BDNF to resolve the clumping suggests that lack of neurotrophins may not be the main reason for this phenomenon. Examples of deaf mutants in which SGNs degenerate but clumping has not been observed include the Ahl mutation (Ohlemiller and Gagnon, 2004; Someya et al., 2009 ) as well as others (Fukui et al., 2012; Sato et al., 2006) . It therefore appears that the clumping is not a general phenomenon related to survival of apical neurons in the absence of a sensory epithelium. Rather, the clumping of neurons appears to be specific to certain mutations. Further TEM level characterization of the clusters may shed light on the organization of these cells, the possible involvement of Schwann cells in these aggregates, and the reasons for their restricted location in the apex.
Correlation between the hair cells, neuronal death and neurotrophins
Loss of neurons secondary to hair cell degeneration has been shown in several types of hereditary and environmental pathologies in experimental animals (Jyung et al., 1989; Kanzaki et al., 2002; Koitchev et al., 1982; Webster and Webster, 1978) . The causative link between loss of hair cells and SGN degeneration is thought to be loss of neurotrophic support, based on the ability of neurotrophins to rescue the neurons (Agterberg et al., 2008; Bowers et al., 2002; Shibata et al., 2010; Wise et al., 2010 Wise et al., , 2011 , although a role for supporting cells in maintenance of the neurons has also been shown (Sugawara et al., 2005; Zilberstein et al., 2012) . In the Cx26 mutation studied here, the primary pathology is in the non-sensory cells, yet both hair cells and supporting cells eventually degenerate. Our model is not helpful in determining whether the basal neurons degenerate due to loss of hair cells or supporting cells, but it does demonstrate that forced expression of BDNF can rescue SGNs in the base of the cochlea.
The cause for hair cell loss due to a non-sensory cell mutation is not well understood. At this point we can only speculate on the causes for hair cell loss. One possible explanation is that defective potassium recycling generates excessive potassium levels around the hair cells, leading to their demise. Alternatively, it is possible that pathological non-sensory cells are more likely to also involve the hair cells in the degenerative process, either by providing signals leading to their death, or by phagocytosing the hair cells, as normal supporting cells have been shown to do following noise exposure and ototoxic lesions (Abrashkin et al., 2006) .
The influence of neurotrophin therapy is restricted to the base
We assessed the response of cochleae of Gjb2-CKO mice 1 month after inoculating with Ad.BDNF at the age of 1 month. Based on previous work, the duration of exogenous neurotrophin delivery by a mini osmotic pump is finite, and the protective effects with neurotrophins alone had not been shown beyond 2 weeks after cessation of neurotrophin administration (Agterberg et al., 2009; Gillespie et al., 2003) , suggesting that a long term source is needed for prolonged neural survival. Adenoviral vector expression is transient, providing elevated levels of transgenes over several weeks, such that introduction of neurotrophin genes with adeno vectors into the deafened guinea pig cochlea promoted SGN survival for up to 4e8 weeks after treatment (Atkinson et al., 2012; Chikar et al., 2008; Nakaizumi et al., 2004) . Similar to the previous studies, we found the most significant rescue of neurons in the base of the cochlea. In the middle and apex of the cochlea, the survival of SGNs was not significantly enhanced by the BDNF treatment. This is likely due to higher concentrations of BDNF closer to the site of viral vector inoculation, where more cells are likely to take up the adenovirus and express the transgene. However, the base of the cochlea is also where the effect of the mutation is earliest and most severe, and therefore, so is the potential for rescue. Flow of fluids in the cochlea is also a factor that limits the spread of the viral vector and the secreted neurotrophin towards more apical sites (Salt and Plontke, 2009) . In a recent study that assessed neurotrophin (NT-3, BDNF and TrkB receptor agonists) treatment in developing ears (P2) of a different Cx26 null mouse, protective effects of were observed in the base and middle regions of the cochlea, but not in the apex (Yu et al., 2013) . Starting the treatment during the developmental period may have contributed to the more efficient protection beyond the basal turn.
The SGN density in the base of the contralateral ears in Fig. 7C (perilymphatic inoculation) was greater than the SGN density in the base of the contralateral ears in Fig. 8C (endolymphatic inoculation). While this difference is not significant, it is large enough to suggest that in some perilymph inoculated animals, a fraction of the virus injected into the scala tympani may have filtered into the contralateral ears, raising important considerations. A possible reason for this finding is that viral vector or BDNF produced by the transgene remains restricted to the endolymph after scala media inoculation, whereas perilymphatic inoculation has been shown to lead to a contralateral effect. The contralateral effect is thought to occur due to draining of perilymph via the cochlear aqueduct, leading to the 4 th ventricle of the brain and from there, via the contralateral aqueduct, to the base of the contralateral cochlea (Kho et al., 2000; Stöver et al., 2000) . Such ear to ear transfer of the viral vector or the transgenic BDNF may account for the observed preservation of contralateral SGNs in the base following perilymphatic inoculation.
Comparison of the mouse mutation to the human mutation
The degeneration time course of SGNs ranges from a few weeks to years, depending on the species (Jyung et al., 1989; Leake and Hradek, 1988; Otte et al., 1978) . The loss of hair cells results in loss of most of the SGNs in a few weeks in mice, rats, cats, and guinea pigs deafened by ototoxic drugs (Dodson and Mohuiddin, 2000; Hardie and Shepherd, 1999; Leake and Hradek, 1988) . The secondary degeneration of SGNs in humans appears to be much slower (Linthicum and Anderson, 1991) and in some cases neurons do not degenerate in ears with severe pathology in the organ of Corti.
In human ears with a GJB2 mutation, no temporal bone anomalies were found by computerized tomography (Denoyelle et al., 1999) . Histological examination of postmortem cochlear specimens obtained from individuals in their 50s have shown a complete degeneration of the hair cells and the stria vascularis, whereas the cochlear ganglion appeared to be preserved (Jun et al., 2000) . It therefore appears that the degenerative progression and the involvement of different tissues differ from human to mouse. The reasons for these differences are currently unclear. Despite the better survival of SGNs in most human ears, there are cases where patients exhibit a phase of rapid deterioration in their hearing thresholds and these changes could be related to degeneration of SGNs, for which neurotrophin therapy could be a remedy. Our data are also applicable to other mutations where the neural substrate of the cochlea degenerates secondary to the effects of a mutation in another cell type.
Value for enhancing cochlear implant therapy
The substantial loss of SGNs below a critical level is likely to reduce the benefits of the cochlear implant, which could result in poor performance in patients (Clopton et al., 1980; Incesulu and Nadol, 1998) . The degeneration of significant amounts of SGNs also diminishes the hope for developing future treatments that are based on the regeneration of hair cells. Thus, preventing the loss of SGNs may considerably enhance the benefits of the cochlear implant, which may lead to better language acquisition and speech perception for at least a significant subset of patients. The use of adenovirus, as shown here, restricts the duration of gene expression and does not permit long-term elevation of the neurotrophin. However, the ability to introduce viral vectors such as AdenoAssociated Virus (AAVs) for long term gene expression at the time of the cochlear implant insertion surgery is a practical possibility for providing this type of therapy.
Conclusions
We have characterized degenerative changes in the inner ear of a mouse model for GJB2 with a Cx26 mutation. Our data show that the organ of Corti and SGNs degenerate with a progression from base to apex. The introduction of Ad.BDNF via the scala media or scala tympani therapy can rescue the degeneration of the SGNs in the base of the cochlea. Surviving neurons appeared to have a well preserved morphology. Our data suggest that neurotrophin gene therapy can be used to further refine cochlear implant treatment in ears of GJB2 patients.
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